INTRODUCTION
The glomerular capillary wall (GCW) severely restricts the passage of albumin and other plasma proteins during filtration. However, in normal kidneys, some protein transport across the capillary wall occurs which is then subject to endocytosis by tubular cells. Therefore, the appearance of protein in urine is the result of a dominant filtration rejection at the capillary wall and post-glomerular scavenging by tubules.
The glomerular barrier offers little hindrance to the filtration of low-molecular-weight proteins such as lysozyme, growth hormone and insulin (all < 20 000 molecular weight). There is extensive mor-phological and biochemical data showing that lowmolecular-weight proteins are segregated into endocytic vesicles of tubular cells which consequently fuse with lysosomes, providing strong qualitative evidence that the post-glomerular processing of these proteins involves intracellular catabolism [l-31 in normal kidneys. The integrity of highmolecular-weight proteins ( > 40 000) which are excreted in the urine has not been widely investigated, although recent studies have demonstrated fragmentation during renal passage in rats of anionic horseradish peroxidase (aHRP) [4] , albumin [5] and bikunin [6] , as well as the fragmentation of albumin in diabetic patients [7] .
In this study we examine the structural integrity of filtered tritium-labelled high-molecular-weight proteins, namely bovine serum albumin ([3H]BSA), rat serum albumin ([3H]RSA), [3H]aHRP and immunoglobulin ([3H]IgG) excreted in both the isolated perfused kidney and in vivo. This is achieved by analysing urine which is fractionated by size-exclusion chromatography. These experiments are also performed in rats where tubular uptake has been inhibited through the use of either lysine or puromycin aminonucleoside (PA).
METHODS

Materials
Male Sprague-Dawley rats (300-350 g) were obtained from the Monash University Central Animal House. PA (6-dimethylamino-9[3' amino-3' deoxyribosyl purine), type VI peroxidase (EC 1.11.1.7) (288 units/mg of solid from horseradish), catalase (EC 1.11.1.6) (1600 units/mg of solid from bovine liver), lysozyme (EC 3.2.1.17) (30000 units/ mg of solid from chicken egg white), benzoylated dialysis tubing (molecular weight cut-off of 2000) and the amino acids lysine, tyrosine, serine, cysteine, aspartate, glutamate, asparagine and glutamine were from Sigma Chemical Co. ( 
Solutions and buffers
PBS, pH 7.4, contained (mmol/l) 136.9 NaC1, 2.68 KCl, 8.1 Na2HP04 and 1.5 KH2P04. Krebs-Henseleit buffer, pH 7.4, contained (mmol/l) 122 NaCl, 4.6 KC1, 0.115 KH2Po4, 0.115 MgS04, 24.9 NaHC03 and 0.1 CaC12.H20. Kidney perfusate solution was 5% BSA in JSrebs-Henseleit buffer that contained 5 mmol/l glucose and 36 mg of mannitol, 10600 units of superoxide dismutase and 110000 units of catalase (all per 200 ml of perfusate) and amino acids (mmol/l) tyrosine 0.2, serine 1.0, cysteine 0.5, aspartate 0.2, glutamate 0.5, asparagine 0.2, glutamine 2.0, leucine 0.4, phenylalanine 0.32, methionine 0.33, lysine 1.0, isoleucine 0.3, valine 0.33, histidine 0.24, threonine 0.24, tryptophan 0.07, alanine 2.0, glycine 2.3, arginine 0.5 and proline 0.31.
Induction of puromycin aminonucleoside nephrosis (PAN)
Male Sprague-Dawley rats were injected intravenously with 15 mg/100 g body weight PA given as a 3.5% solution in PBS in the tail vein. Age-and weight-matched control rats were injected with the same dosage of PBS for protein urinary excretion measurements. Urine was collected over 24 h in a metabolic cage and total protein excretion was determined by Biuret assay (using BSA as standard) [8] at days 0, 5 and 9 after PA and PBS administration. Animals were given free access to food and water.
Tritium labelling
BSA, rat serum albumin (RSA) and IgG were labelled with tritium by the reductive methylation procedure of Tack et al. [9] . HRP was also tritium labelled and then succinylated to prepare an anionic derivative (aHRP) as previously described [4, 101.
The tritium-labelling reaction involves a brief exposure to formaldehyde and sodium b~ro- [~H] hydride. Tritium labelling is specific for the a-amino groups of the amino terminal residues and the &-amino groups of lysyl residues. The purity of the tritiumlabelled preparations is ensured in that the samples (-lo9 d.p.m./ml; 3.5 ml) are extensively dialysed in dialysis tubing with a molecular-weight cut-off of 2000 until there is no tritium in the dialysate (volume = 4 litres). Assuming that there is less than 100 d.p.m./ml in the dialysate then this corresponds to less than 0.0025% of the original sample that could be contaminated with free tritium or lowmolecular-weight labelled material. The dialysed preparation was applied to a PD-10 column immediately before use. 
Kidney perfusion
Male Sprague-Dawley rats were anaesthetized by a 1 ml intraperitoneal injection of Nembutal (18 mg/ml). A 1 ml volume containing 10% mannitol and 200 units of sodium heparin was injected into the femoral vein. A laparotomy was performed and the right ureter was cannulated with polyethylene tubing (PE-10, Dural Plastics and Engineering, Auburn, New South Wales, Australia). The right renal artery was cannulated via the superior mesenteric artery and the kidney was removed by en bloc dissection. This whole procedure took no longer than 10 min. The perfusion pressure was maintained at 90-100 mmHg with a peristaltic pump monitored by a calibrated aneroid manometer, whilst the flow rate was monitored by a ball flowmeter. Kidneys were perfused with 160 ml of recirculated filtered 5% BSA in Krebs-Henseleit buffer containing glucose, essential amino acids [ll-131 and oxygenradical scavengers to prevent partial ischaemia [ 131. The system was maintained at 37°C and the perfusate was continually gassed with 95% 02/5% C02. The kidney was allowed to equilibrate for 10 min and urine and perfusate samples were collected after 40 and 60 min of perfusion. The perfusate con- were maintained in a metabolic cage for 2 h with free access to food and water. The urine collected after this time was again analysed by column chromatography as described above.
Lysozyrne assay
This assay is based on the lysis of M. luteus cells using the method described by Harrison and Barnes [16] with adaptations from Litwack [17] . Sodium phosphate buffer, 0.067 mol/l (pH 6.20), was used for the substrate, standards and dilutions. The substrate was a freshly prepared suspension consisting of dried M. luteus cells (25 mg/100 ml). The stock standard lysozyme solution contained 400 pg/ml and was kept at 4°C. Fresh working standards contained 2, 5, 10, 15 and 20 pg/ml lysozyme and were prepared from the stock solution. The assay was performed in an Ultrospec I11 spectrophotometer (Pharmacia LKB Biotechnology, Cambridge, U.K.) at room temperature. To 0.9 ml of bacterial suspension was added 0.1 ml of sample or standard. Urine and perfusate samples were routinely diluted between 1/10 and 1/20. The rate of change in transmission was recorded at 450 nm upon the addition of sample to the bacterial suspension. The change in transmission between 30 and 60 s was linear and was plotted against lysozyme concentration.
Counting of radioactivity
Tritium and 14C radioactivity was determined in 1 ml aqueous samples with 3 ml of scintillant [18] and recorded on a Wallac 1410 liquid scintillation counter (Wallac Oy, Turku, Finland).
Calculations
where n represents the number of determinations.
All quantitative data are expressed as means f SD
RESULTS
The isolated perfused kidney preparation when studied over a 1 h period has been shown by this laboratory to be a stable, steady-state preparation (Table 1) [5]. Kidneys from rats were perfused for 60 min with various tritium-labelled proteins. The gel chromatographic profile on Sephadex G-100 of rH]BSA from a 60 min perfusate sample ( BSA in the urine is degraded to small peptides (88.9 f7.1%). This lowmolecular-weight material was not free tritium, which would elute at the Vt of the column, nor was it free labelled amino acid as it too elutes at the Vt (Fig. lb) . This demonstrates that the labelled material is macromolecular with a molecular weight > 2500.
Further experiments were performed to eliminate any possibility of contamination by any low-molecular-weight peptides in the [3H]BSA, which would be preferentially filtered during the perfusion giving rise to the urine profile observed. These peptides may have been present in the original BSA preparation or be generated during the course of the perfusion. The original [3H]BSA stock solution ( 3 x lo9 d.p.m.) was fractionated on Sephadex G-100 and the peak fraction only (fraction 41 from a similar profile to that shown in Fig. la) was then used in a subsequent perfusion. Again, as shown in Fig. 2b , degradation was still observed. No low-molecular-weight material was observed in the perfusate after the 60 min perfusion (Fig. 2a) ; any undetected contamination would be less than 0.03% of the perfusate sample. This confirms that the low-molecular-weight material shown in Figs l b and 2b is in fact material derived de novo from the degradation of albumin during its post-glomerular basement membrane transport.
The presence of relatively low-molecular-weight material in the urine profile is not the result of degradation of albumin due to proteases in the urine, as incubation for 2 h of [3H]BSA with urine from an isolated perfused kidney (IPK) at 37°C resulted in a profile similar to that of the original material [5] .
Degradation too has been observed with the excretion of [3H]aHRP (61 f 3% degradation; Fig.  3b) [4]. It was apparent that for [3H]IgG the perfusate sample contained a number of minor fractions, yet there appeared to be significant low-molecularweight material excreted in the urine (Fig. 4b) .
To eliminate the possibility that the IPK system contributed to the degradation observed for the protein molecules, studies were performed in vivo. The renal parameters for the studies in vivo are shown in Table 2 . In rats injected intravenously with [3H]BSA there was the appearance of -90% low-molecularweight material in urine collected (Fig. 5a) . A similar pattern was also seen in urine when [3H]RSA was injected intravenously into rats, shown in Fig.  5b . Using RSA, as opposed to BSA, eliminates the possibility that BSA is processed differently in rats. Degradation was also observed in vivo for both [3H]aHRP (Fig. 5c ) and [3H]IgG (Fig. 5d) .
Ultrapure [3H]BSA prepared by gel chromatography as described above was also injected intra- venously into rats, yielding similar results (Fig. 2c) . Again, the plasma from these rats (Fig. 2d) did not show the presence of any low-molecular-weight material, and in this case any undetected contamination would be less than 0.003% of the plasma sample. These results therefore confirm that the appearance of tritium-labelled low-molecular-weight material seen in the IPK is also evident for proteins filtered in vivo. It also confirms that there was no detectable generation of low-molecular-weight material in the plasma that may arise through breakdown of circulating albumin or through the recycling of filtered albumin through the tubules.
In order to examine the influence of tubular uptake of proteins we used 150 mmol/l lysine (which results in 100% inhibition of lysozyme reabsorption the perfusion medium clearly has an influence on the urine profile of all proteins studied, as shown in Fig. 6 . In the urine profile of t3H]BSA, shown in Fig. 6a , the major portion of radioactivity elutes near the monomer peak and there is far less relatively low-molecular-weight material (37.6 & 6.8%) present as compared with normal urine from the perfused kidney. Again, this was evident for t3H]aHRP (Fig. 6b) and [3H]IgG (Fig. 6c) in the presence of lysine.
A feature of the results for albumin is that while lysine treatment results in a marked change in the ratio of intact albumin to low-molecular-weight material in the urine there is no such marked difference in the protein excretion rates of lysine-treated compared with the control in IPKs ( Table 1 ). The comparison is valid, as we have previously demonstrated that protein excretion measured by the Biuret assay is the same as that measured by radioactivity [5] . These results would then demonstrate that lysine has a genuine inhibitory effect on the process of degradation of albumin during its renal passage.
PA has been widely used to produce marked albuminuria in experimental animals. The intravenous administration of PA to rats in a single dose of 15 mg/100 g body weight resulted in a significant timedependent increase in proteinuria, as shown in Table 2 . These results show a similar trend to those found by others . Similar to lysine treatment, PA administration resulted in 100% inhibition of protein reabsorption as determined through the use of lysozyme. Table 2 . Renal parameters in control and PA-treated rats in vivo. GFR was measured using the creatinine assay. Protein excretion may vary depending on the assay. Protein excretion using the sulphosalicyclic acid turbidity assay gave 13.5 k 3. I pg/min for the control and 128 f 10.6 & n i n for day 5 PAN rats and I52 k 15.8 pgglmin for day 9 PAN rats. UFR urine flow rate: n.d., not determined.
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Kidneys perfused 9 days after PA administration failed to function successfully, therefore kidneys were subsequently perfused 5 days after PA administration. Steady state was achieved within the 1 h perfusion period. The renal parameters associated with the perfusion of kidneys isolated from PAN rats are shown in Table 1 . These results are similar to studies of PAN rats in vivo [19] .
A striking feature of the results presented here is that the degradation for both [3H]BSA (Fig. 7b) and [3H]aHRP (Fig. 7c) is totally absent in urine collected from day 9 PAN rats, whereas degradation is severely reduced (24.11 k 5.2%; Figure 7a ) in urine collected from perfused PAN kidneys 5 days after PA administration. For albumin, in particular, the equivalent protein excretion rate of the PAN rats compared with the control in the IPK studies ( Table  1 ) would demonstrate that PA treatment, like lysine, has a bona fide inhibitory effect on the degradation of albumin.
DISCUSSION
Tritium labelling of proteins by reductive methylation [9] is specific for the a-amino groups of the amino terminal residues and the &-amino groups of lysyl residues. Therefore, it is likely that most of the peptides resulting from endopeptidase action, as seen in the chromatography profiles of urine, would be detected through the presence of their tritium label. This has been confirmed by the good agreement between the Biuret assay and radioactivity measurements.
The gel chromatographic profiles reveal that proteins present in normal urine from the IPK are degraded to peptides, as compared with the original material. Degradation was not a result of the IPK system, as similar degradation patterns were also observed in vivo, nor was it the result of any con- tamination of the protein probes used, as similar degradation patterns were observed when a specially purified sample of [3H]BSA was used in experiments. However, in the presence of 150 mmol/l lysine or in PAN rats where tubular reabsorption of proteins was inhibited, degradation was inhibited significantly. These studies establish that in normal filtering kidneys there is a relatively rapid tubular uptake of protein and release into the tubular lumen of degraded protein, which is then excreted into the urine. Glomerular epithelial cells may also contribute to the degradation observed. The lysine or PAN effect could be viewed alternatively as the onset of large non-selective pores, allowing the preferential flux of intact albumin across the capillary wall [22] , i.e. glomerular protei- nuria. Recent studies, described below, would reject this possibility. The concept of large non-selective pores has arisen from' two features associated with the transcapillary transport of albumin, i.e. (1) that albumin appears to be a relatively larger molecule than its normal hydrodynamic radius of 36 A, on the basis of its glomerular sieving properties in normal kidneys [23] (thought to be due to charge repulsion of the molecule by the GCW), and (2) that the disproportionate increase in albumin transport as compared with other molecules, like dextran in albuminuric states, can be explained in part by the increased number of these non-selective pores (which are not charge selective) [24] .
There are two major biophysical factors governing transport across the capillary wall [25] , i.e. (1) the excluded-volume partitioning at the interface between the capillary wall and its bathing fluid (blood or urine), and (2) the drag on the molecule as it is being transported through the capillary wall. Charge effects associated with either of these factors have now been demonstrated to be negligible [4, 5, 23, [26] [27] [28] . The excluded-volume partitioning of the capillary wall has been shown to be very similar for dextran, which has the same hydrodynamic radius as albumin [5] . Similarly, the excluded-volume partitioning of dextran as compared with globular Ficoll with the same radius has been demonstrated to be almost identical in gel chromatographic material [29] . Therefore, flexible dextran is equivalent to the more globular albumin or Ficoll in terms of excluded-volume partitioning. The drag coefficients also tend to be similar, as evidenced by the fractional clearance values of albumin compared with dextran in a tubular inhibited system [5] , and by comparison of the fractional clearance of dextran and Ficoll [30, 311. These studies demonstrate that albumin is like any other molecule, such as dextran, and that in tubular inhibited systems it behaves as if it is merely size selected on the basis of a molecule with a radius of approximately 36 A [5] .
In albuminuric states it is apparent that while fractional clearance of dextrans with radii > 40 A may be increased (as a result of the increased flow through large npn-selective pores) the clearance for dextrans of 36 A may either not be affected or may even decrease. In the same manner, albumin clearance would also be expected to follow the same behaviour. Under these circumstances, and recognizing that charge selectivity is not a factor determining albumin transport, the putative increased role of non-selective pores in albuminuric states could not account for the vast increase in albumin clearance. In the case of lysine-induced albuminuria, the increase in the fractional clearance of albumin (including its degradation products in urine) is almost 10-fold, whereas there was no significant change in dextran fractional clearance for molecules with molecular radii in the range (26-50 A) studied [5] . Similar arguments would apply to albuminuria in PAN, where size selectivity as determined by dex-tran fractional clearance has been shown to be unchanged for molecules with radii of 36 A [19] .
Recent studies performed by us [5] have demonstrated that albumin is merely size selected at the GCW and has a glomerular sieving coefficient (GSC) in the range 0.04-0.07 in normal kidneys. The relatively large amounts of albumin which are transported across the GCW are then taken up by a specific tubular cell pathway that eventually returns the albumin to the blood supply undegraded. Albuminuria induced by either lysine or PA would be consistent with the inhibition of this high-capacity tubular-uptake system. Some caution should prevail concerning the apparent contradiction provided by micropuncture analysis of fluids from the proximal tubule, which gives low concentrations of albumin that are assumed to be directly related to the GSC. The assumption does not take into account the highcapacity rapid removal of albumin from the tubular lumen by the tubular cells. It is only in situations where tubular uptake is inhibited, as shown in this study with PA, that micropuncture albumin concentration measurements reflect the true GSC. Under such conditions, Lewy and Pesce [32] have measured albumin concentrations of -234 mg/100 ml, corresponding to a GSC of -0.06.
